Abstract-In response to ongoing worldwide theme of sustainable development, more and more fossil energy based conventional synchronous generators are being replaced by renewable energy sources for the electricity production in modern power systems. However, some low inertia issues will be brought into future power systems, which will not be conducive to system frequency stability. This paper aims at improving frequency stability in low inertia power systems by using synthetic inertia from DFIG based wind turbines. All simulation work involved in this paper is performed on the software platform MATLAB/SIMULINK. The test model is chosen to be a power system connected by an integrated DFIG based wind farm. After modification and validation the chosen test model will be applied to simulate the GB equivalent large system model. It can be eventually verified that the impacts of synthetic inertia from wind turbines will become more significant on system frequency stability in terms of both ROCOF and frequency nadir when more wind farms are being integrated into future low inertia GB power system. Index Terms-DFIG based wind turbine, frequency stability, rate of change of frequency (ROCOF), synthetic inertia.
INTRODUCTION
In order to meet the targets of carbon emission reduction and cater for the worldwide theme of sustainable development, many countries around the world have already taken actions to integrate more and more renewable energy sources, especially wind turbines, into the power system to replace some fossil energy based conventional synchronous generating units. In 2009, the EU has adopted a renewable energy related directive to pledge that about 33% electrical power generation will be provided by renewable energy sources by 2030 and further to 100% electrical power generation by 2050 [1] . A survey report states that the German Energy Agency plans to install up to 52.5 GW wind farms into the German grid for electrical power generation by the end of 2020, and among about 20.4 GW electrical power generation will be contributed by the offshore wind farms [2] . Moreover, it is predicted that 30% to 45% of the total electrical power generation in UK will come from the renewable generation by 2030 according to the UK renewable energy roadmap, and up to 40 GW offshore wind turbines will be installed by the end of 2030 [3] .
However, some low inertia issues will be brought into the future power system due to the rapidly increasing penetration of renewable energy generation, which is not conducive to system frequency stability. One the one hand, the inertia of renewable generator is relatively smaller than the inertia of conventional synchronous generator. Therefore, the total system inertia will be reduced as a result of gradual replacement of the conventional synchronous generators. One the other hand, the commonly used renewable energy sources are connected to the main ac grid by means of some power electronic interfaces, which will inherently decouple the inertia of renewable generators form the main ac grid. Therefore, if without additional controls, almost no inertial contribution from renewable energy sources could be provided for system frequency stability, which will further reduce the total system inertia and eventually lead to future low inertia power systems [4] , [5] . Based on the swing equation, within instants of a sudden disturbance, rate of change of frequency (ROCOF) will be inversely proportional to the total system inertia [6] . However, ROCOF in low inertia power systems will be so fast that power systems might collapse prior to responses of primary frequency control. Due to lack of adequate system inertia, power system cannot react to sudden disturbances promptly, which might cause some serious cascading failures [7] .
In order to address the potential low inertia issues in future power systems, some frequency control strategies have been proposed in industry to emulate the so called synthetic inertia from various renewable energy sources, such as variable speed wind turbines.
A control strategy was found in [8] aiming at adding some supplementary control loops to enable the Doubly-Fed Induction Generator (DFIG) based wind farms to perform similar to the conventional synchronous generators by releasing stored kinetic energy from the rotating masses of wind turbines. The authors in [9] also stated that power system stability could be improved by participating the wind farms with the control functionality into primary and secondary frequency controls to provide the inertial responses. In terms of provision of primary control reserves, the capabilities of the DFIG based wind turbines as well as the full converter based wind turbines were investigated in [10] and [11] separately. In order to improve the system frequency responses after sudden disturbances, three control strategies were proposed by authors in [12] aiming at participating the wind turbines into the system frequency control. Moreover, the research in [13] proposed three activation schemes which were adopted for the application of synthetic inertia control on the full converter based wind turbines. It was found in [14] that the maximum limit of the synthetic inertial power provided by wind turbines was 5%-10% of the pre-event power. In order to figure out how much stored kinetic energy could be extracted from the wind turbines, a probabilistic method was used by authors in [15] .
The main concern for the synthetic inertia emulation from wind turbines is the measurement noises of system frequency, since performances of synthetic inertia controller are dominated by the input signal of ROCOF. Furthermore, the stored kinetic energy from wind turbines cannot be extracted too much in order to avoid stalling of the turbine rotor.
Overall, based on the aforementioned literatures related to the synthetic inertia emulation, synthetic inertia emulation from the DFIG based wind turbines can be regarded as a promising technique to assist with primary frequency control in future low inertia power systems. Therefore, this paper aims at improving frequency stability in low inertia power systems using synthetic inertia from DFIG based wind turbines. The major contributions of this paper are as follows:
 Development and validation of the simplified DFIG based wind farm model for synthetic inertia studies.
 Assessment of the impacts of noise and filtering on the performances of synthetic inertia controller.
 Application of synthetic inertia on future GB system models.
II. OVERVIEW OF TEST MODEL AND SYNTHETIC INERTIA CONTROLLER

A. Test Model Description
A power system connected by a six 1.5 MW wind turbines integrated DFIG based wind farm is chosen as the test model, which is selected from one of the SimPowerSystems Demos called Wind Farm (DFIG Phasor Model) in MATLAB. The simplified structure of chosen test model is illustrated in Fig. 1 . The chosen test model is mainly consisted of three parts: the main AC grid represented by a 120 kV voltage source is on the left, two transformers, 25 kV distribution feeders as well as load connect a 9 MW DFIG based wind farm on the right. The chosen test model is initially simulated using phasor type, which means the system frequency is specified as a fixed value (60 Hz for the US system). Therefore, actual changes of system frequency cannot be directly detected. Since ROCOF is vital for application of synthetic inertia, the 120 kV voltage source will be combined with an additional governor controller to perform like a conventional synchronous generator for the measurement of system frequency changes after sudden disturbances.
The inherent characteristics of DFIG based wind turbines determine that almost no inertial power could be provided to compensate active power imbalances after sudden imbalances. Thus, in order to control electrical power output from wind farm, the control loops of electrical power reference ( ) in DFIG based wind farm model are partly illustrated in Fig. 2 . and represent proportional and integral gains, and is the q-axis current reference for the inner current control. The additional synthetic inertial power that should be provided from the output of synthetic inertia controller for frequency control is represented by the signal Δ . 
B. Synthetic Inertia Controller
The system inertia ( ) can be quantified by the amount of kinetic energy stored in the rotating masses of conventional synchronous generators as well as some motors that are directly connected to the main ac grid using (1) [6] .
In (1), KE represents kinetic energy stored in power system (MJ), and represents machine rating (MVA).
As aforementioned in Chapter I, within instants of a sudden disturbance, ROCOF will be initially determined by total system inertia. This relationship can be represented using the swing equation as shown in (2) 
In (2), represents rate of change of frequency in Hz/s, is nominal frequency in Hz, is inertia constant of system in s, is mechanical power in per-unit, and is electrical power in per-unit.
As shown in (2), within the first few seconds after sudden disturbances, the active power imbalance between mechanical power and electrical power can be assumed to be temporarily fixed, and nominal system frequency is constant as well. Thus, initial ROCOF will be inversely proportional to the total system inertia. The larger total system inertia is, the slower ROCOF will be. A power system with larger system inertia can gain more time for the subsequent generator governor control actions and avoid unnecessary under-frequency load shedding. The mechanism of synthetic inertia control is to generate an additional power (Δ ) to compensate the active power imbalance after sudden disturbances by detecting changes of power system frequency. Therefore, based on the swing equation in (2), the structure of synthetic inertia controller is illustrated in Fig. 3 , in which is the measured system frequency.
represents synthetic inertia constant of the controller. It should be noted that synthetic inertia controller will perform in the opposite way if the minus one represented by a gain block is not added to synthetic inertia controller. For example, if total demand is greater than total generation, frequency will drop leading to a negative value of ROCOF, and synthetic inertial power (Δ ) from output of synthetic inertia controller will be positive. As shown in Fig. 2 , this positive synthetic inertia power (Δ ) will be added into the scheduled electrical power reference, which will increase the electrical power output from wind farm to compensate the active power imbalances. The operation of synthetic inertia controller will kick in before primary frequency control to slow down ROCOF, which is similar to performances of natural system inertia by releasing stored kinetic energy from rotating masses of machines.
III. TEST MODEL SIMPLIFICATION AND VALIDATION
A. Development of Simplified DFIG based Wind Farm Model
In order to be applied for simulation of large system, original DFIG based wind farm model need to be further simplified to reduce its complexity and shorten its simulation time. Impacts of variations in wind speed are not considered for simplification. A steady state electrical power output ( ) of 0.1847 pu ( is 10 MVA) can be obtained from wind farm when wind speed is assumed to be fixed at 8 m/s based on scheduled power-speed characteristic. Furthermore, the chosen fixed wind speed (8 m/s) is below the rated wind speed (12 m/s) so that pitch control is not considered. As shown in Fig. 4 , simplified DFIG based wind farm model is developed according to power relationship represented by (3).
In (3), is initial steady state electrical power output due to a fixed wind speed, ∆ is synthetic inertial power output from the synthetic inertia controller, ∆ is turbine rotor speed related electrical power changes according to power-speed characteristic and the rotor swing equation (including rotor damping ), and is electrical power output from DFIG based wind farm. Detailed structure of speed-power characteristic controller is illustrated in Fig. 5 . For a fixed wind speed of 8 m/s, the optimal turbine rotor speed (ω ) is 0.8 pu as a reference. The variations in rotor speed will slightly influence electrical power output from wind turbine. For example, if ω is smaller than its reference, ∆ will become negative, leading to the decrease of electrical power. Both primary and secondary controls are adopted in controller. Moreover, a time delay with a time constant of 0.2 s is added into the controller in order to make its physical meaning of speed power characteristic more realistic.
B. Validation of Simplified DFIG based Wind Farm Model
As shown in Fig. 6 , the correctness of simplification can be validated by comparing similarity of electrical power responses between original DFIG model and simplified DFIG model using RMSE values. By calculation, RMSE value of electrical power responses between the original DFIG model and the simplified DFIG model is about 0.008, which can verify the correctness of model simplification. 
IV. ANALYSIS AND DISCUSSION
A. Impacts of Synthetic Inertia Constant on Frequency
Based on simplified DFIG model, the impacts of variations in synthetic inertia constant (H ) on synthetic inertial power from synthetic inertia controller are illustrated in Fig. 7 . By adopting controlling variable method, H is varied from 1 s to 13 s at an interval of 4 s when a sudden load increase of 0.15 pu occurs at 40 s. The larger synthetic inertia constant is, the more synthetic inertial power can be obtained. Larger H could generate more synthetic inertial power to compensate active power imbalances after the disturbances, which will slow down ROCOF. A slower ROCOF will result in a higher frequency nadir. As expected in Fig. 8 , when H increases from 1 s to 13 s, the frequency nadir will be increased by about 0.05% from 59.71 Hz to 59.74 Hz and the ROCOF will be slowed down by about 48% from 0.36 Hz/s to 0.19 Hz/s. Larger H is more beneficial to system frequency stability in terms of both frequency nadir and ROCOF. However, impacts of variations in synthetic inertia constant on ROCOF are more significant than that on frequency nadir. Furthermore, with the synthetic inertia constant increasing, both the changing rates of ROCOF and frequency nadir will be slowed down. 
B. Impacts of Noise and Filtering on Frequency
More concerns will focus on impacts of noise and filtering on system frequency responses. Since measured system frequency are always contaminated by noises from measurement devices, and appropriate filter is required to minimize noises as much as possible. The simulated results of impacts of noise and filtering on frequency nadir and ROCOF are summarized in Table I and  Table II respectively.
The signal to noise ratio (SNR) is varied with 75.5 dB, 85.5 dB, 95.5 dB, 105.5 dB and infinity successively. Meantime, time constant (T) of first order filter is varied with 0.02 s, 0.05 s, 0.1s, 0.2 s, 0.5s and 1s in sequence. In addition, for all cases, synthetic inertia constant and load change disturbance are all kept same.
As shown in Table I , when the SNR is fixed, by increasing T, frequency nadir will firstly rise to a peak value when T is 0.5 s, and then begin to drop. Comparing the best case with the worst case when SNR is infinity, frequency nadir can be increased by about 0.02%. If when T is fixed, a higher frequency nadir will be obtained with a larger SNR. Comparing the best case with the worst case when T is 0.5 s, frequency nadir will be increased by about 0.0004%. Thus, impacts of variations in time constant (T) on frequency nadir are more significant compared with impacts of variations in SNR on frequency nadir.
As shown in Table II , when the SNR is fixed, by increasing T, ROCOF will become faster. Comparing the best case with the worst case when SNR is infinity, ROCOF can be slowed down by about 14%. If T is fixed, a slower ROCOF will be obtained with a smaller SNR. Comparing the best case with the worst case when T is 0.5 s, ROCOF can be slowed down by about 0.17%. Thus, impacts of variations in time constant (T) on ROCOF are more significant compared with impacts of variations in SNR on ROCOF. However, it is counterintuitive to observe that smaller SNR or more noise will result in slower ROCOF in Table II . This phenomenon can be further explained with the help of simulated results of synthetic inertial power peak (peak of Δ ) as shown in Table III . It is supposed that the actual frequency signal will be superposed by the amplitude of random noise signal. Therefore, in this case when T is fixed, it is inferred that a smaller SNR with higher noise amplitude can increase the synthetic inertial power, which can be verified by the simulated results in Table III synthetic inertial power could be then used to compensate active power imbalances within instants after sudden disturbances, which will slow down the ROCOF accordingly.
Based on the aforementioned simulated results, a relatively larger time constant (T) and a larger SNR will be beneficial to system frequency stability in terms of frequency nadir. Whereas, a smaller time constant (T) and a smaller SNR will contribute better to frequency stability in terms of ROCOF. Thus, there is a trade-off between the control of frequency nadir and the control of ROCOF. Since ROCOF is vital for application of synthetic inertia controller, more concerns should be focused on control of ROCOF. In this paper, it is suggested that a relatively faster filter should be adopted. As for the noise issues, the improvement of ROCOF caused by random noise might occur occasionally, and simulated results in this experiment might not be replicated. For practical application of synthetic inertia controller, measurement noises of frequency responses should be minimized as much as possible for stable operation of synthetic inertia controller.
V. APPLICATION ON GB EQUIVALENT LARGE SYSTEMS
The simplified test model will be further applied to simulate the GB equivalent large systems in order to assess the impacts of synthetic inertia from wind turbines on frequency stability. For the year 2015, the capacity of total system generation in UK is assumed to be 25 GW (at a light loading condition), and the capacity of wind generation accounts for about 8% (2 GW) of the total system generation [16] , [17] . As shown in Fig. 9 , the year 2015 GB equivalent system model is developed according to the power relationship represented by (4) .
In (4), is the number of wind turbines, the power output from each turbine, is electrical power from all generating units, and is load demand power.
in the synthetic inertia controller is assumed to be 200 s in order to cope with relatively slow ROCOF for year 2015 GB system. Based on total generation capacity of year 2015, transfer function of rotating mass and load model is assumed as 1 15120 +375 [16] . Moreover, the nominal system frequency for GB system is changed to be 50 Hz. For simplification, the impacts of noise and filtering on system frequency are not considered in this model.
A sudden load increase (1000 MW) is triggered at 10 s. By varying percentage of wind farms that provide synthetic inertia control, simulated frequency responses are illustrated in Fig. 10 . Assuming all wind farms are equipped with synthetic inertia controller, by increasing percentage of wind farms supporting the system frequency control from 0% to 100% at an interval of 20%, ROCOF will become slower, but frequency nadir will be lower. Comparing '100% case' with '0% case', ROCOF can be slowed down by about 50% from 0.06 Hz/s to 0.03 Hz/s, whereas frequency nadir will be decreased by about 0.08% from 49.49 Hz to 49.45 Hz. There will be a trade-off between improvement of ROCOF and deterioration of frequency nadir. It is obvious to see that impacts of variation in percentage of wind farms on ROCOF are more significant than that on frequency nadir. Overall, synthetic inertia from wind turbines can effectively improve GB system frequency stability in terms of ROCOF.
It is counterintuitive to find that the increasing percentage of wind farm synthetic inertial supports will decrease the frequency nadir, which is contradictory to simulated results shown in Fig. 8 . This unexpected phenomenon can be explained by considering Fig. 11 . ROCOF will be negative leading to positive synthetic inertial power as shown by green curve, until the time at which the frequency nadir is reached. A sustained frequency deviation may result in a long period of frequency support from the wind turbines. However, the extraction of stored power from the wind turbines cannot be sustained for such a long time as it results in a reduction in the turbine rotor speed. Once the rotor speed reaches its nadir, the wind turbine will try to recover its rotor speed by extracting power from system and will appear as an additional load. If the rotor speed nadir occurs before the system frequency nadir, then additional load will appear on the network, resulting in a lower system frequency nadir. The larger percentage of wind farms is, the larger additional load will be. Thus, by increasing percentage of wind farms, frequency nadir will be slightly lower. A potential solution to solve frequency nadir related issues is to incorporate pitch angle control with synthetic inertia control in order to extract more power from wind turbine during frequency recovery process. In addition, due to the operation of synthetic inertia controller, and its ability to reduce the system ROCOF, governor primary control will be impacted. Therefore, parameter tuning of system governors may need to be performed in order to improve the overall system frequency nadir.
Based on [18] , it is predicted that wind farms in UK can provide about 30% of the total system generation by 2025. Thus, assuming the capacity of total generation in 2025 is still 25000 MW, the wind power capacity will become 7500 MW. Due to the replacement of conventional generating units by wind farms, the total GB system inertia will be decreased, and the transfer function of rotating mass and load is assumed to be [16] . It is assumed that all other parameters used in the year 2025 GB model are same with the year 2015 GB model. By varying the percentage of wind farms with 0%, 50% and 100%, simulated frequency responses are illustrated in Fig. 12 . By comparing the '100% case' with the '0% case', ROCOF can be slowed down by about 84% from 0.09 Hz/s to 0.01 Hz/s, whereas frequency nadir will be decreased by about 0.17% from 49.46 Hz to 49.37 Hz.
It can be concluded that the impacts of synthetic inertia from wind turbines will become more significant on system frequency stability in terms of both ROCOF and frequency nadir when more wind farms are being integrated into the future low inertia GB power system. 
VI. CONCLUSION
In response to the ongoing worldwide theme of sustainable development, more and more fossil energy based conventional synchronous generators are being replaced by renewable energy sources for the electricity production in modern power systems. However, some low inertia issues will be brought into the future power systems, which will not be conducive to system frequency stability. This paper aims at improving frequency stability in low inertia power systems using synthetic inertia from DFIG based wind turbines. It is found that measurement noise may help with frequency stability in terms of ROCOF sometimes. Furthermore, when synthetic inertia is applied to GB system model, increasing percentage of wind farms will slow down ROCOF, but decrease frequency nadir. A potential solution to address low frequency nadir issues is to incorporate pitch angle control with synthetic inertia control in order to extract more power from wind turbine during frequency recovery process. In addition, parameter tuning for governor frequency control may need to be performed. It can be eventually verified that the impacts of synthetic inertia from wind turbines will become more significant on system frequency stability in terms of both ROCOF and frequency nadir when more wind farms are being integrated into the future low inertia GB power system.
